A suspension of titanium nanoparticles (Ti NPs) in liquid sodium (Na) has been proposed as a method to mitigate the violent sodiumewater reaction (SWR). The interparticle potential between Ti NPs in liquid Na may play a significant role in the agglomeration of NPs on the reaction surface and in the bulk liquid Na, since the potential contributes to a reduction in the long-term dispersion stability. For the effective control of the SWR with NPs, a physical understanding of the molecular dynamics of NPs in liquid Na is key. Therefore in this study, the nonretarded Van der Waals model and the solvation potential model are employed to analyze the interparticle potential. The ab initio calculation reveals that a strong repulsive force driven by the solvation potential exceeds the interparticle attraction and predicts the agglomeration energy required for two 10-nm Ti NPs to be 4 Â 10 À17 J. The collision theory suggests that Ti NPs can be effective suppressors of the SWR due to the high energy barrier that prevents significant agglomeration of Ti NPs in quiescent liquid Na.
Introduction
Sodium (Na) is an excellent coolant as it has extremely high thermal conductivity, low neutron flux, low meting temperature, and high boiling temperature. Therefore, in the development of the next-generation nuclear reactor design, Na-coolant-based reactors have become one of the key design concepts in the GEN-IV program [1] . However, it is well known that when Na comes into direct contact with water or moist air, a sodiumewater reaction (SWR) occurs. This violent exothermic reaction rapidly releases a large amount of heat, gases including explosive H 2 , and corrosive NaOH. In 1995, a Na leakage accident occurred at the Monju reactor in Japan. In the accident, Na leaked from a pipe and reacted with water causing a fire intense enough to warp steel structures. The lesson learned from the accident was that the elimination of SWR risk should be one of the most significant design criteria for the development of safe sodium fast cooled reactors. When a leakage occurs in the Na and water heat exchanger, the pressurized water in the secondary loop intrudes into liquid Na, causing an energetic SWR. Therefore, development of technologies to prevent or mitigate SWR becomes a key issue in the fast cooled reactor design. One method involves isolating Na from water by employing a double-walled piping system and guard vessels [1e4]. This technology, however, cannot be an ultimate solution, since the probability of failure of the system still exists. An alternative method is to reduce or eliminate SWR. In this area, recent studies [5e11] suggested that a small quantity of nanoparticles (NPs) suspended in Na reduced the reaction rate between Na and water. The studies showed that the hydrogen production rate and reaction heat generation during the SWR were reduced when titanium (Ti) NPs with 2 at% and 0.214 vol % for 10 nm and <100 nm, respectively, were mixed in the liquid Na. However, it is necessary to further understand the mechanism.
The strong attraction between Na atoms and Ti NP surfaces reduces SWR reactivity [6, 7, 11] , increases liquid Na surface tension by 16%, and reduces its evaporation rate by 18% [6] . Dispersed NPs constrain the movement of many nearby Na atoms, which therefore cannot easily react with H 2 O. The SWR can only occur where NPs are not present; this observation indicates that the NPs reduce the effective area of the reaction surface [12] , and that areal density of NPs (NPs/m 2 ) at the Na/ H 2 O interface is a key parameter that affects the effectiveness of NPs to suppress reactivity.
If NPs are well dispersed and evenly hold Na atoms, as illustrated in Fig. 1A , the reactivity would be reduced effectively. However, when NPs agglomerate into clusters over time, the effective area of the reaction surface increases, thus lowering the effectiveness of NPs to reduce SWR reactivity ( Fig. 1B ). For this reason, the effectiveness of NPs in mitigating SWR can be determined by the agglomeration behavior of NPs at the Na/H 2 O interface over time. Unfortunately, experimental observation of NPs in bulk liquid Na and the reaction surface is difficult, since SWR is very fast and liquid Na is visually opaque. Therefore, in this study, the agglomeration behavior of NPs was analytically studied and theoretically discussed by employing the nonretarded Van der Waals and solvation potential models to evaluate the interparticle potential between 10-nm Ti NPs in liquid Na. In this paper, the computational methodology for the theoretical analysis is described in the second section, the analytical result from the computation is discussed in the third section, and the final conclusion of the study will follow.
2.
Materials and methods
Computation method
In order to understand the behavior of colloidal particles in a liquid medium, the force between the particles should be known. Many types of forces act on NPs in liquids; a force can be categorized by its origins as a Van der Waals, an electrostatic, a solvation, an entropic, or a nonequilibrium force [13] .
Van der Waals, a relatively weak force, always exists, and it can be attractive or repulsive with respect to the interparticle distance. An electrostatic force, a relatively strong force, arises when a particle is polarized. Coulomb, hydrogen bonding, and electric double-layer forces are typical examples of electrostatic forces. If the charged particles are in a vacuum, Coulomb force will act; however, in nature, this is a rare case. In most cases, neutral colloidal particles are in a specific solvent such as water. Particles in a solvent are polarized due to the ions that are absorbed from the solvent; the electric double-layer force arises due to the oppositely charged ions surrounding the particles. The electric double-layer force is a repulsive force and its strength is proportional to the ion concentration. In the past, most studies have used Van der Waals and electric double-layer forces in order to depict colloidal particle dispersion and stability; this approach is named the Derjaguin and Landau, Verwey and Overbeek (DLVO) theory [14, 15] . The DLVO theory predicts the behavior of colloidal particles in typical electrolytes reasonably well when the particles are separated by tenths of a nanometer. However, when the particle distance is lower than a Debye length [16] (generally a few nm) or the structure of the system is complex such as biomolecules, the DLVO theory often fails [13, 17] due to the assumptions made in the theory that are not valid anymore. The DLVO theory assumes solvent ions or atoms as points and ignores the specific structure of particle surfaces. However, this is not valid when the particles are larger than the solvent atom size. In order to correct the DLVO theory, non-DLVO-type forces have been studied [17] ; solvation and entropic forces are typical examples of non-DLVO forces. If solvent atoms interact with the surface of colloidal particles, the number density of the solvent atoms will be different from that of the solvent atoms in a bulk state; this variation in solvent atom number density results in the solvation force. The solvation force becomes a dominant force when there is a strong interaction between solvent atoms and colloidal particle surfaces [18e22]. Strictly speaking, a smooth surface cannot exist, and the roughness of colloidal particle surfaces leads to the entropic force. The entropic force becomes important in biomolecules, which have a thermally mobile interface or surface. In this study, the system consists of Ti NPs and liquid Na. In liquid Na, metallic bonded Na atoms share their electrons and the electron density tends to be uniform. If Na ions are created, electron density is perturbed locally and energy of the state is raised; therefore, stability and ion strength of Na ions in liquid Na are assumed to be very low. Ti atoms hold neighbor Ti atoms very strongly, so Ti NP surface is assumed to be smooth and thermally immobile. Based on these assumptions, the electric double-layer and entropic forces between Ti NPs were ignored. Since Na atoms and Ti NP surfaces have a strong chemical bonded interaction [12] , the solvation force should be considered in our case. A nonequilibrium force, such as viscous and hydrodynamic force, is generated by dynamic movement of groups of molecules or particles. However, quantifying this force is not easy, so a quiescent flow condition assumption is made for ignoring this force. Therefore, in this study, the Van der Waals and solvation forces are considered.
Nonretarded Van der Waals potential
Since the Van der Waals interaction occurs when electrons are instantaneously perturbed, the strength of the interaction depends on the electron permeability of the medium and decreases (or is "retarded") with distance. Retardation of the Van der Waals potential can be neglected [13] if the distance is within a nanometer scale. The nonretarded Van der Waals potential energy [23] can be evaluated as follows:
In Eq. (1), the Hamaker constant, A 121 , of Ti submerged in liquid Na can be assumed to be the combination of the Hamaker constants of each material in a vacuum [24] and evaluated using the Liftz theory [25] :
Plasma frequencies of free electrons, n e , for each material are summarized in Table 1 .
Solvation potential
In order to know the solvation potential between spherical particles, the formula for the solvation potential between semi-infinite flat surfaces [18] and Derjaguin's approximation [28] is applied. The solvation potential between semi-infinite flat surfaces is given as follows:
where U lattice,2 is the interatomic potential energy between the surface, and Na atoms and r 2 is the areal-averaged Na atom number density that changes with respect to the perpendicular distance z. If the flat surfaces are identical, the same force will act on Na atoms from each side; r 2 will be symmetric with respect to z ¼ D/2. Using this assumption, r 2 can be assumed to be a function of the areal-averaged Na atom number density on one side of the surface, r 2,one-side [18] : 
If an Na atom is in a chemical equilibrium, r 2 is proportional to the chemical potential. The chemical potential with respect to z consists of the potential energy and entropy. If the change of entropy is smaller than the change of potential energy, the change of chemical potential can be a function of the potential energy difference. The potential energy results from the interatomic forces between the surface and Na atoms, and between neighboring Na atoms. The potential energy difference of the NaeNa interaction was modeled as a function of r 2 and the cohesive energy u of the bulk solid Na. Na atoms attract neighboring Na atoms when r 2,one-side is lower than r 2,bulk , and repel them otherwise. Physically, if z is sufficiently large, r 2,one-side should be the same as r 2,bulk ; Eq. (5) satisfies this limitation. In Eq. (5), U lattice,2 should be known to evaluate r 2,one-side . Steele [29] modeled the interatomic potential given to a gaseous molecule from the lattice surface as a combination of the electron Coulomb repulsive force and attractive force due to dispersion. This is a modified version of the LennardeJones potential model [30] commonly used for describing inert gases. However, it is not an adequate model for a system in which quantum mechanical effects have an important influence, since it cannot exactly describe the electron structure change. When an Na atom approaches an NP surface, their electron structures change and chemical N u c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 6 6 2 e6 6 8 adsorption occurs [12] , indicating that a more realistic model for U lattice,2 is needed. For modeling of U lattice,2 , the ab initio calculation (details are shown in [12] ) is carried out using the density functional theory (Fig. 2) . A five-layer structure with 60 hexagonally arranged Ti atoms is modeled to describe a flat crystalline surface. In the model, the two bottom layers are fixed to model the bulk Ti state, and the remaining layers are relaxed to model the Ti (0001) surface. Thermodynamically, the (0001) surface is the most stable face and depicted for modeling the Ti NP surface in this study. The perpendicular distance between Na atoms, z, is varied, and the electron structure changes with this distance. In order to evaluate the electron structure and total system energy, the KohneSham equation [31, 32] is solved using the quantum espresso [33] . The calculations are continued until the residual force on each relaxed Ti atom is below 1 meV/Å ; to reduce the error caused by the periodic boundary condition, the distance between the periodic images along the z direction is set to be > 36 Å . The Brillouin zone integration to calculate electron density is performed with the MonkhorstePack mesh [34] with (5 Â 5 Â 1) k points. The MethfesselePaxton smearing method [34] is used for modeling electron occupation in the vicinity of the Fermi level.
The ab initio calculation result gives a similar trend to the Steele model [29] at z > 1.5s and has the minimum energy at 0.77s (Fig. 2) . In the case of z < 1.5s, the Steele model predicts a larger increase than the ab initio calculation. This discrepancy between the ab initio calculation and the Steele model originates from the fact that the ab initio calculation considers the "exchange correlation." The "exchange correlation" is purely a quantum mechanical property that lowers the total system energy.
The solvation potential energy between semi-infinite flat plates can be mapped onto spherical particles separated by distance D. Derjaguin's approximation [28] that has been used for a finite body can be applicable to nanoscale bodies [35e38], as shown in Eq. (6):
From Eqs. (3)e(6), the solvation potential energy among the 10-nm spherical Ti NPs separated by distance D was iteratively calculated.
Results

Areal-averaged Na atom number density distribution
Areal-averaged Na atom number density r 2 with respect to z is evaluated using Eqs. (4) and (5) . In order to know the r 2 profile for various interparticle separation distances D, the normalized areal-averaged Na atom number density r 2 /r bulk is plotted with respect to z/D (Fig. 3) . D is varied by multiples of the Na atom size, s; z/D is varied from 0 to 1, which represents z from one side of the surface to the other side; and r 2 /r bulk is varied from 0 to 1.5 and is symmetric with respect to z/D ¼ 0.5. When D ¼ 1s, only one Na atom can be at z/D ¼ 0.5 and r 2 is the same as r bulk . At this position, due to the symmetric approximation, Na atoms feel the same amount of force from every side of the surface but in opposite directions. Therefore, Na has no interaction with the surface, and Na atoms are stacked as bulk liquid Na because it is energetically favorable. When D ¼ 2s, r 2 /r bulk has its maximum as 1.48 at z/D ¼ 0.5; this indicates that Na atoms are stacked as a staggered configuration. Like the case of D ¼ 1s, at z/D ¼ 0.5, Na atoms have no forces from the surface and only feel their neighboring Na atoms. However, differently from the D ¼ 1s case, r 2 is 1.48 times higher than r bulk ; this indicates that D ¼ 2s is a confined and energetically unfavorable geometry. Based on r 2 /r bulk at z/D ¼ 0.5 for various D values, this energetically unfavorable situation continues until D ¼ 7s. When D > 7s, r 2 /r bulk has its maximum in the vicinity of each particle surface due to the interatomic interaction between Na atoms and the surface.
In short, Fig. 3 shows that when 2s < D < 7s, the geometry is too confined and energetically unfavorable, so Ti NPs in liquid Na are more energetically favorable to have D > 7s without considering Van der Waals interaction between NPs.
3.2.
Interparticle potential and force
In order to discuss NP agglomeration and dispersion stability, the Van der Waals, salvation, and total potential energies of the system are plotted with respect to the normalized interparticle separation distance D/s, as shown in Fig. 4 . D/s varies from 0 to 7, which is about 0e3 nm; illustrations that explain the situation at D ¼ 0.04s and 7s have been added. From D ¼ 7s to D ¼ 0, the Van der Waals potential energy decreases from 0 to À2,543 kT, while the solvation potential energy increases from 0 to 10,871 kT. Magnitudes of both potential energies increase as D decreases; the total system potential energy increases from D ¼ 0 to D ¼ 0.04s and decreases at 0.04s < D < 7s. This indicates that the solvation potential is dominant at D > 0.04s; this matches reasonably well with the conclusion from the section on areal-averaged Na atom number density distribution, with the confined Na atoms being energetically unfavorable at D < 7s. The total force acting on each Ti NP is evaluated with respect to D/s from the derivative of the total potential energy ( Fig. 5 ). Repulsive force acts on the NP at D > 0.03s and the maximum repulsive force is 3.6 Â 10 À7 N at D ¼ 0.12s. An attractive force acts on the NP at D < 0.03s; no force acts on the NP at D ! 7s. From the results, if two Ti NPs approach within D ¼ 0.03s, which is about 0.1 Å , they attract each other and will finally be agglomerated; the energy required for agglomeration of two NPs is approximately 9,630 kT at 298 K (~4 Â 10 À17 J). The total potential energy and the force have been evaluated, but the physical meaning of this amount of energy is still ambiguous. In order to get physical insights from the results, the probability of agglomeration of NPs at a specific temperature and NP content are evaluated with some assumptions. Assuming that NP agglomeration follows the collision theory [39] , the probability of agglomeration, P col , is inversely proportional to the energy barrier DE a , which is 9,630 kT in this study:
where the NP collision time t col can be defined as follows:
If NPs are initially well dispersed and cubically stacked, the mean distance between NPs, D mean , will be inversely proportional to the weight fraction F of the NPs, as shown in Eq. (8) . When the flow effect is negligible and the system is in thermal equilibrium at T K, the average kinetic energy of NPs will be 3kT/2, where the number 3 represents the degrees of freedom of particles in this study. Therefore, the average velocity of the NPs, V Np , will be proportional to the system temperature. From Eqs. (7) and (8), the time needed to form an agglomerate, t agg , of the 10-nm Ti NPs can be calculated based on the system temperature and NP content. Due to the extremely low P col~e À2,495 , t total becomes infinite, although the system temperature reaches 1150 K, which is the boiling point of liquid Na, regardless of the NP content. This indicates that the agglomeration process cannot occur when the NPs are immersed into liquid Na due to the high repulsion force between them.
Discussion
Using the Van der Waals and solvation potential models, the interparticle potential among the 10-nm Ti NPs was analyzed to investigate the potential applicability of Ti-based NPs for SWR mitigation. Using the equation derived by Hamaker and Fig. 4 e Interparticle potential between 10-nm Ti nanoparticles. Liftz, the nonretarded Van der Waals potential was evaluated; the ab initio calculation based on the density functional theory was used to analyze the solvation potential. The analysis shows that the attractive interaction between Na atoms and the NP surface produces a strong repulsive solvation force, and a minimum energy of 4 Â 10 À17 J is required to agglomerate two NPs. Theoretically, this energy barrier and the collision theory [39] suggests that the 10-nm Ti NPs can be suspended in liquid Na without agglomeration, regardless of time, temperature, and NP content in quiescent flow conditions. Therefore, it is expected that the 10-nm Ti NPs can effectively suppress SWR over a sufficient time scale. However, these conclusions should be validated with experimental data, since a smooth Ti NP surface and quiescent flow condition do not exist in reality; roughness of the Ti NP surface can add the entropic force and liquid Na flow can add nonequilibrium forces, which have been ignored in this study.
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